ABSTRACT The pulmonary arterial pressure of Ladakhi yaks, at an altitude of about 4500 m, was not significantly different from that found in yaks bred at low altitude. The pulmonary arterial resistance, however, was slightly but significantly increased in the high altitude group. It is concluded that the yak has adapted genetically to high altitude by largely eliminating the hypoxic pulmonary vasoconstrictor response. The pulmonary arterial pressure and resistance were significantly higher in indigenous Himalayan cattle than in the yaks. The dzo (cow x yak) had pulmonary haemodynamics similar to those of the yak. Half of the stols (dzo x bull) had pulmonary haemodynamics similar to those of the yak, while in the other half the findings resembled those in the cow. The results suggest that the genetic attenuation of the hypoxic vasoconstrictor response is transmitted as a simple autosomal dominant.
The evolutionary advantage of the pulmonary vasoconstrictor response to hypoxia lies probably in the reduction of the blood supply to underventilated regions of the lung, thus ensuring an equal distribution of ventilation:perfusion ratios and the maintenance of the arterial Po2. In a hypoxic environment, such as occurs at high altitude, the homeostatic necessity for equality of distribution of ventilation:perfusion ratios becomes less important owing to the shape of the oxygen dissociation curve for haemoglobin. Thus the advantages of the mechanism for natural selection are minimised. At the same time the disadvantages of hypoxic pulmonary vasoconstriction throughout the lung become manifest, and there is mortality from chronic mountain sickness and pulmonary oedema. In this way hypoxic pulmonary vasoconstriction becomes an encumbrance to survival at high altitude and adaptation by natural selection would be expected to be accompanied by a diminution or elimination of the vasoconstrictor response.
Such adaptation seems to have occurred in the Andean llama, which has thin walled pulmonary arteries1 2 and a low pulmonary arterial pressure. 3 Anatomical evidence suggests that adaptation has also occurred in the mountain viscacha.4
Recently Heath and his colleagues5 have reported that the small pulmonary arteries of the Himalayan yak also have thin walls. At first sight, such evidence of adaptation is not surprising since the yak, like the llama, is well known to thrive at high altitudes.The particular interest of the yak is that it is closely related to cattle, which are known to have thick walled small pulmonary arteries6 even at sea level and which are highly susceptible to pulmonary hypertension and "Brisket disease" at high altitude.7 So close is the family relation between the yak and cattle that cross breeds are common in the Himalayas.
In this series of studies we have made measurements of pulmonary haemodynamics at sea level in yaks and at high altitude in yaks, cattle, and various cross breeds.
Methods
All animals were studied in the normal standing position without sedation. A Swan-Ganz catheter was introduced percutaneously into the jugular vein under local anaesthesia and floated into the pulmonary artery. Pressures were referred to the level of the top of the humerus. The indigenous Himalayan cattle are smaller and quite distinct in appearance from the domestic breeds that are a well known feature of the lowlands of India. The mean pulmonary arterial pressure in the Himalayan cattle averaged 27 mm Hg, which is similar to that reported by Reeves et al°in Hereford steers at an altitude of 1520 m. The zero reference level used by these authors was different, however, leading to a wedge pressure of 13 mm Hg, compared with an average value of 8 mm Hg in our animals. Thus the mean pulmonary arterial pressure of the Herefords, taken from our zero reference point, may be expected to be in the region of 22mmHg. The pulmonary arterial resistance of the Herefords at 1520 m averaged 0-43 mm Hg 1-' min, which is only a quarter of that calculated in the Himalayan cattle.
While these figures indicate a degree of pulmonary vasoconstriction in the Himalayan cattle, this is less than would be expected from the studies on Herefords transported to high altitude. The pulmonary arterial resistance in cattle was more than three times that in yaks. This difference is partly attributable to the difference in magnitude of the cardiac output. The indigenous Himalayan cattle were much smaller than the yaks. We were unable to weigh the animals in the field, but we made approximate estimates of their volume by measuring their length and girth and calculating the volume contained in a cylinder of these dimensions. Estimates suggested that the yaks were about four times the size of the cows. The average volume of the yaks was 0-61 m3 while the average volume of the cows was 0-15 m3. We cannot therefore be sure to what extent the differences in resistance are simply an expression of a difference in size. On the other hand, the pulmonary arterial pressure was itself considerably higher in the cattle while the level of the pulmonary arterial pressure at sea level does not vary greatly among mammals of widely diverse sizes. '2
DZOS
In dzos, a cross breed of cows and yaks, the pulmonary arterial pressure and pulmonary arterial resistance resembled those of the yaks and not those Pulmonary haemodynamics of yaks, cattle, and cross breeds at high altitude 0 0 0 S bled closely those of the cattle. The animal was, however, only about 1 year old. The fall in pulmonary arterial pressure after birth is known to be delayed at high altitude, measurements in children under 5 years of age averaging 45mm Hg.'3 The Wagenvoorts14 noted a diminution of the thickness of the pulmonary arterial walls in sea level cattle after the age of 1 year. It is possible therefore that in this young animal we are * seeing the effects of a delayed involution of the musculature ofthe pulmonary arterial tree that is common to many species. The only other animal of this age was a stol, whose pulmonary arterial resistance was also * raised. of the cattle. The dzos were similar in stature to the cattle, our estimates of volume making the dzos on average 0-20m3-only 30% larger than the cattle. Thus the differences between dzos and cattle are not obscured by differences in size. Taking the evidence so far, therefore, we may conclude that the yak has adapted by greatly attenuating the hypoxic vasoconstrictive response and that this trait is transmitted in a dominant fashion.
STOLS
For the stols (a cross breed of dzo and bull) the data separate in a fashion suggesting simple Mendelian inheritance. About half the stols resemble cattle, having presumably received the "cattle" alleles in duplicate; while the other half resemble yaks, having presumably received one "cattle" and one (dominant) "yak" allele. residing at an altitude of 3000 m they selected two groups: one with a relatively low pulmonary arterial pressure and one with a high pressure. Each group was then removed to low altitude and the animals were bred within each group. On return to high altitude both the first and the second generation offspring retained the responses of the original groups.
The present observations, summarised in the figure, confirm and extend these findings. They provide evidence that the loss of the hypoxic vasoconstrictor response in an adapted high altitude species is transmitted genetically. Although the findings could be explained on a polygenic basis, the segregation suggests the pattern of a single autosomal dominant. Further breeding experiments would be needed to establish beyond doubt that the trait is under the control of a single locus. 
